The HET-s prion protein of Podospora anserina represents a valuable model system to study the structural basis of prion propagation. In this system, prion infectivity can be generated in vitro from a recombinant protein. We have previously identified the region of the HET-s protein involved in amyloid formation and prion propagation. Herein, we show that a recombinant peptide corresponding to the C-terminal prion-forming domain of HET-s (residues 218-289) displays infectivity. We used high resolution hydrogen/deuterium exchange analyzed by mass spectrometry to gain insight into the structural organization of this infectious amyloid form of the HET-s-(218-289) protein.
Amyloids are fibrillar protein aggregates composed of a "cross-␤" structure in which ␤-strands are oriented perpendicular to the fiber axis. This type of protein aggregate is associated not only with prion diseases but with a variety of protein deposition diseases including Alzheimer disease and Parkinson disease (1) . Resolution of the structure of amyloid assemblies is of foremost importance from both a fundamental and a biomedical point of view. As a consequence, much effort has been devoted to the acquisition of structural information on a number of amyloid proteins using a variety of methods including proline scanning mutagenesis (2, 3) , hydrogen exchange (4 -7), limited proteolysis (8) , spin labeling (9) , and solid state NMR (10) . Various experimental approaches used for structural analysis of amyloid fibrils have been presented in a recent review by Tycko (11) .
Among the amyloidogenic proteins, prion proteins possess the unique ability to replicate the amyloid conformation and thus display an infectious character. In mammals, prions are infectious proteinaceous particles that cause fatal neurodegenerative diseases termed spongiform encephalopathies (12) . Mammalian prions correspond to an altered form of a cellular protein termed PrP that is converted to a protease-resistant aggregated form in diseased individuals. Proteins capable of propagating an altered conformational state have also been identified in eukaryotic microorganisms (13) . The best characterized prion models are the yeast Ure2p and Sup35p proteins and the HET-s protein from the fungus Podospora anserina (14) . All of these proteins form amyloid fibrils in vitro (15) (16) (17) (18) . These fungal prion proteins represent valuable models for exploring the mechanism of prion propagation. It is essential to gain insight into the structure of prion proteins in their infectious conformation to elucidate the details of prion replication and also to determine whether specific structural features are associated with the infectious character. The HET-s prion protein of P. anserina is involved in a genetically programmed cell death reaction termed heterokaryon incompatibility. This cell death reaction is triggered when the prion form of HET-s interacts with a natural variant of HET-s, designated HET-S, which differs from HET-s by 13 residues and is devoid of prion behavior (19) . HET-s aggregates specifically in vivo upon transition to the prion state (20) . Recombinant HET-s forms typical amyloid fibrils in vitro (18) . We were able to show that introduction of amyloid aggregates of recombinant HET-s into P. anserina cells induces the [Het-s] prion with a very high efficiency (21) . Hence, the amyloids generated in vitro represent infectious material that can propagate the [Het-s] prion. The HET-s protein is 289 amino acids in length and is composed of two distinct domains: an Nterminal globular domain spanning approximately residues 1 to 230 and a flexible domain spanning approximately residues 230 to 289 (22) . In the amyloid form of HET-s, the C-terminal domain of HET-s forms the protease-resistant amyloid core of the fibril, whereas the N-terminal domain remains accessible to proteolysis. The C-terminal domain of HET-s (residues 218 -289) is sufficient for [Het-s] propagation in vivo and amyloid formation in vitro (22) .
Hydrogen/deuterium exchange combined with mass spectrometry (HXMS) 1 has become a powerful tool for the study of protein structures and dynamics (3, (23) (24) (25) (26) (27) . This technique exploits the ability of mass spectrometry to determine the incorporation of deuterium atoms in proteins following a reaction of exchange with labile hydrogens located at backbone amide positions. Isotope exchange rates for amide hydrogens depend primarily on intramolecular hydrogen bonding and access to the solvent. This exchange rate depends also on the pH and the temperature of the exchange reaction. Protein dynamics can be studied by hydrogen exchange and depend on the unfolding and refolding rate constants of the protein (28, 29) . For a detailed characterization of solvent accessibility in specific regions, the protein can be submitted to proteolysis after the exchange reaction (30) . More details concerning HXMS methodology are presented in a review by Engen and Smith (25) .
Hydrogen/deuterium exchange combined with mass spectrometry or NMR has been used to analyze the structural properties of several amyloid peptides or proteins (4, 5, (31) (32) (33) 35) . It has been shown that amide protons in core regions of amyloid aggregates are highly resistant to hydrogen exchange (4, 6, 7) . H/D exchange can thus be used to estimate the number of backbone amides involved in a highly hydrogen-bonded state. Kheterpal et al. (36) have reported H/D exchange data for A␤ fibrils, showing that 48 -55% of backbone amide protons are highly protected from exchange. H/D exchange can also be used to distinguish highly hydrogen-bonded peptide segments from regions that are not involved in stable secondary structure elements. Highly protected regions are generally interpreted as representing ␤-sheet core elements, whereas regions of higher exchange are interpreted as disordered or loop segments.
Our previous analysis by hydrogen exchange/mass spectrometry has revealed that the prion-forming domain of full-length HET-s protein is highly protected from hydrogen exchange in the amyloid form (35) . Herein we have verified by means of a biolistic procedure that the amyloid form of the recombinant HET-s-(218 -289) peptide can induce the [Het-s] prion when introduced in vivo. We then used HXMS at high resolution to gain structural information on the infectious amyloid form of this peptide.
MATERIALS AND METHODS

HET-s-(218 -289) Purification and Amyloid Formation-
The histidine-tagged HET-s-(218 -289) peptide was expressed and purified from inclusion bodies under denaturing conditions as described previously (22) . To eliminate urea, the peptide was then submitted to gel filtration on a Sephadex G-25 column using 175 mM acetic acid as an eluent. Protein concentration was adjusted to 125 M. To initiate the sponta- neous amyloid aggregation of HET-s-(218 -289), pH was brought to 8 by the addition of Tris base. Amyloid formation was monitored by thioflavin T binding and by electron microscopy as described previously (22) . After amyloid aggregation, aggregates were recovered by centrifugation (20 min at 12,000 ϫ g), and aggregates were resuspended in H 2 O.
Biological Ballistic Infectivity Assay-The biolistic infectivity assay was performed as described previously (21) . Strains of the het-s genotype expressing the HET-s protein in its non-prion form (designated [Het-s*]) were grown for 2 days at 26°C on solid medium. Four strains were grown per Petri dish. 10 g of HET-S-(218 -289) or full-length HET-s protein was overlaid onto each [Het-s*] mycelium in a final volume of 100 l of 180 mM Tris base, 175 mM acetic acid, pH 8. After evaporation of the buffer, plates were bombarded with 2 mg of tungsten particles (0.4 m) in a Bio-Rad PDS-1000/helium system using 1100 p.s.i. rupture disks. Plates were incubated for 2 days at 26°C, and two mycelial fragments were sampled from each strain confronted with a het-S tester strain. In this assay, strains that retained the prion-free [Het-s*] phenotype present a normal contact line with the het-S tester, whereas strains that acquired the [Het-s] prion phenotype present an abnormal contact line designated "barrage" and resulting from the incompatibility cell death reaction. If at least one of the two subcultures produced a barrage reaction with the het-S tester, the strain was scored as positive for the [Het-s] prion phenotype. 2 and 0°C (exchange quenching conditions). Digestion was followed by a short centrifugation (10,000 ϫ g, 30 s), and a 10-l aliquot of the supernatant containing the HET-s digest was separated into three fractions by stepwise gradient elution from a C18 ZipTip. The three fractions were eluted with 2 l of a solution containing 9:1:1; 8:2:1, and 6:4:1 of H 2 O/acetonitrile/0.1% trifluoroacetic acid, respectively. Each elution fraction was loaded into a nanospray needle (PicoTip emitters, standard coating) prior to mass analysis. The time from sample loading to data collection was kept constant for each sample analysis. Mass value given in the text for exchange experiments correspond to m/z of the centroid of the envelope of a pseudo-molecular ion cluster.
Kinetics Study of Deuterium Incorporation in HET-s-(218 -289)-A
In-and Back-exchange Controls-For back-exchange control, a pepsin digest of HET-s-(218 -289) was diluted 19:1 in D 2 O and incubated for 12 h at 25°C, pH 7, to achieve complete exchange of backbone amide protons for deuterium atoms. After incubation, the exchange was quenched at 0°C by the addition of 0.1% trifluoroacetic acid (Pierce). After quenching, the peptide mixture was loaded on a C18 ZipTip (Millipore). The peptide fraction eluted from the ZipTip (the eluent was a solution containing 6:4:1 acetonitrile/H 2 O MQ with 0.1% trifluoroacetic acid kept at 0°C) was directly loaded into a nanospray needle (PicoTip) before mass analysis. The relative back-exchange (%) was determined for each peptide by comparing the maximal number of exchanged amide hydrogen atoms and the corresponding experimental value.
For in-exchange control, a pepsin digest was diluted 19:1 in the quenched solution (H 2 O MQ, 0.1% trifluoroacetic acid, 0°C). The peptide mixture was loaded on a C18 ZipTip and eluted with a solution containing 6:4:1 acetonitrile/D 2 O with 0.1% trifluoroacetic acid kept at 0°C. The incorporation of deuterium for in-exchange was determined in the same way as the back exchange control.
MS Measurements-For MS experiments on the LCQ ion trap instrument, the samples were loaded in the source by mean of PicoTip needles (PicoTip Emitters, standard coating). The capillary temperature was set to 140°C. The spray voltage was set to 0.90 -1.40 kV.
FIG. 5. Relative percentage of deuterium incorporation for the 61 peptides covering the sequence of HET-s-(218 -289).
Microscopy-A fraction of the protein suspension (30 M) used for exchange experiments on amyloid fibers was put onto a 400 mesh copper electron microscopy grid-coated with a plastic film (Formvar). To avoid rapid desiccation, sedimentation was allowed during 10 to 30 min in a moist Petri dish. Grids were then rinsed with 15-20 drops of freshly prepared 2% uranyl acetate in water (passed over 0.22-m Millipore filters), dried with filter paper, and observed with a Phillips Tecnai 12 Biowin electron microscope at 80 kV.
Data Analysis-Mass spectra were base line-corrected, and the number of deuterium atoms incorporated in a given peptide was determined from the centroid value of its isotopic peak cluster using the formula given in Equation 1 (37) .
Where m (t) is the observed centroid mass of the peptide at incubation time point t, m (0) is the observed mass at time point 0 (for unlabeled peptides, see in-exchange control procedure), m (100) is the observed mass for a fully exchanged peptide (see back-exchange control procedure), and N is the total number of peptide exchangeable amide protons in the peptide. The percentage of deuterium incorporation is calculated in Equation 2 for each peptides of the peptide mass fingerprint.
RESULTS
Amyloids of HET-s-(218 -289)
Are Infectious-The proteinase K-resistant amyloid core of HET-s amyloids corresponds to the region spanning residue 218 -289 (22, 38) . We have previously shown that HET-s fibrils submitted to proteinase K digestion retain infectivity (21) . Together these experiments suggest that HET-s-(218 -289) amyloids generated in vitro should be infectious. It however remained possible that infectivity of the proteinase K digested HET-s amyloids could be due to an undigested contaminating fraction of full-length protein or else that the HET-s-(218 -289) domain adopts a different structure in full-length HET-s amyloid as in amyloids formed from the HET-s-(218 -289) peptide. To directly ascertain that amyloid aggregates of HET-s-(218 -289) display an infectious character, we introduced such aggregates into living cells using the previously used biolistic assay.
The HET-s-(218 -289) peptide was incubated for 5 h at 125 M at pH 8. Aggregates were recovered by centrifugation. As previously shown under these conditions, HET-s-(218 -289)
formed typical amyloid aggregates. By electron microscopy, HET-s-(218 -289) amyloids appeared as unbranched fibrils of about 5 nm in width (Fig. 1 ). HET-s-(218 -289) amyloids were then overlaid on the surface of a mycelium of a wild-type [Het-s*] (prion-free) strain grown on solid medium. Mycelia were then bombarded under vacuum with tungsten particles as described previously (21) to introduce the recombinant peptide into the fungal cells. 48 h after bombardment, the strains were tested for the presence of the [Het-s] prion in incompatibility tests (Fig. 2) 
Kinetics Study of Deuterium Incorporation in HET-s-(218 -289) Amyloid
Aggregates-H/D exchange was allowed to occur on HET-s-(218 -289) amyloid aggregates for variable times from 5 min to 12 h. The deuterium content was found to increase rapidly during the first 60 min of incubation in the deuterium solvent (Fig. 3) . Incorporation reached 38 deuterium atoms after 12 h, which corresponds to 48% of the total exchangeable hydrogens of the protein. Thus, after a 12-h incubation time in D 2 O, half of the exchangeable hydrogen atoms of HET-s-(218 -289) are still protected in the amyloid aggregate. Because no significant difference was found for the incorporation of deuterium after 7 h of incubation time (36 deuterium atoms incorporated, 45% exchange rate), we chose to study the solvent accessibility of aggregated HET-s protein after this incubation time. This observation indicates that a majority of the residues are highly protected from exchange, thus confirming the results already obtained with the full-length HET-s protein (35) . These results correlate well with those obtained by Kheterpal et al. (36) for A␤ 1-40 fibrils; in their study, after 100 h of incubation time in D 2 O, 48 -55% of backbone amide protons were highly protected from exchange.
FIG. 6. Resolution for H/D exchange experiments on aggregated HET-s-(218 -289) protein.
After proteolysis of HET-s-(218 -289), the peptides generated were analyzed using LC-MS/MS. 106 peptides were assigned to corresponding sequence positions of HET-s-(218 -289) using TurboSequest program. From this peptide mass fingerprinting, 76 peptides could be analyzed by nanospray PicoTips and ion mass spectrometry before and after the reaction of exchange. 58 of these 76 peptides were used for overlap calculations to define 24 small regions of one to four amino acids in length. The region cover 88% of the HET-s-(218 -289) protein sequence.
Peptide Mass Fingerprinting of HET-s-(218 -289)-
The proteolysis of HET-s-(218 -289) by immobilized pepsin generates a large number of peptides. After on-line LC-MS/MS analysis, 104 peptides could be assigned to their sequence. These peptides cover the sequence of the HET-s-(218 -289) protein completely. However, to avoid a possible back-exchange caused by the chromatographic process, HXMS experiments were preferably conducted in the off-line nanospray mode. Thus, to find optimal analytical conditions, the pepsin digest was separated by micro-chromatography with a three-step gradient on a C18 ZipTip. In this way, 88 peptides of the 104 peptides assigned by on-line LC-MS/MS could be found in the three fractions (Fig. 4) .
Finally, 76 peptides yielded a separation of isotopic clusters sufficient for HXMS experiments, in order to determine the deuterium incorporation in HET-s-(218 -289) aggregates.
Hydrogen/Deuterium Exchange on the Amyloid Form of the HET-s-(218 -289) Protein-Aggregates of HET-s-(218 -289)
were obtained as described previously, and amyloid formation was monitored by electron microscopy (Fig. 1 ). Aggregates were then incubated for 7 h in the presence of deuterium. Three different experiments have been performed to determine the incorporation of deuterium atoms in aggregated HET-s-(218 -289) after this 7-h incubation. For in-and back-exchange experiments, the incorporation of deuterium atoms was found homogeneous for all peptides. In the back-exchange control, after overnight incubation of the pepsin digest, the level of deuterium incorporation for each peptide reached (84 Ϯ 4)%. In the in-exchange control, the level of deuterium incorporation for each peptide under exchange quenching conditions reached (12 Ϯ 3)%. The deuterium incorporation along the HET-s-(218 -289) sequence was found to be very heterogeneous. Individual peptides exchange levels were found as low as 10% (HET-s-(275-282)) or as high as 52% (HET-s-(222-224)) (Fig. 5) . Globally, deuterium incorporation was higher in peptides corresponding to the N-terminal region of HET-s-(218 -289) and lower in C-terminal peptides.
Use of Shared Boundaries between Peptides to Achieve High Spatial Resolution of Deuterium
Incorporation-To enhance the spatial resolution of deuterium incorporation for the topological study of solvent accessibility, we have determined the deuterium content of our set of 76 peptides by taking into account their shared boundaries, as suggested by Zhang and Smith (30) . By means of 61 such peptides, 24 small regions were defined with a resolution ranging from 1 to 4 amino acids (Fig. 6 ). For instance, we could determine the incorporation of deuterium at position 250 by comparing incorporation in peptides [237-249] and [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] (Fig. 7) .
This approach designated the regions (Fig. 8) . In several regions the exchange level drops to about 10% or less, as for instance in segment [262-263] or segment [269 -271]. Individual positions with low solvent accessibility, residues 261 and 272, were also identified (Fig. 8) .
Our results have led to a strong enhancement of the spatial resolution of HXMS experiments for the aggregated HET-s prion protein. The amyloid infectious form of the HET-s-(218 -289) peptide is organized as a succession of segments of variable length with alternating high and low H/D exchange levels.
DISCUSSION
Numerous lines of evidence indicate that prion proteins propagate as self-perpetuating amyloid aggregates in both mammals and fungi (39) . However, a crucial point that remains unclear is what distinguishes a prion protein aggregate from non-infectious amyloid assemblies? The structural characterization of the infectious form of prion proteins is essential to resolve that question and to understand the detailed mechanism governing infectious propagation of an amyloid fold. The fungal [Het-s] prion is well suited for such studies because the prion form of the HET-s protein can easily be obtained in vitro from a recombinant protein (21) . Herein we validate the use of the C-terminal fragment of HET-s, designated in previous in vivo studies as the prion-forming domain, as a model system for the structural characterization of a prion. Using a biolistic procedure to introduce recombinant protein into living cells, we have shown that a recombinant 72-amino acid long peptide corresponding to the C terminus of HET-s displays infectivity in its amyloid conformation. These data confirm previous observations indicating that HET-s infectivity is conserved after proteolytic cleavage with proteinase K and that the proteinase K-resistant core of HET-s encompasses residues 218 -289 (21, 22) . Our results now formally rule out the possibility that HET-s-(218 -289) . Aggregated HET-s-(218 -289) was incubated 7 h in deuterium oxide (pH 7, 25°C). After the reaction was quenched, the protein was digested using immobilized pepsin. Then, the peptic peptides generated were analyzed by ion trap mass spectrometry by mean of PicoTip needles. The percent of deuterium incorporation is calculated comparing the number of deuterium atoms incorporated in a peptide with the number of hydrogen atoms exchangeable for this peptide. Three independent experiments were performed to calculate the standard deviations.
infectivity of a proteinase K-treated sample might be due to an undigested fraction of full-length HET-s protein. In addition, it appears that the [218 -289] region can adopt an infectious amyloid fold in vitro whether or not it is appended to the HET-s globular domain. This indicates that the globular domain does not affect the acquisition of the infectious amyloid fold in vitro. These observations make the 72-amino acid long HET-s-(218 -289) peptide a very attractive model for the structural characterization of a prion protein. In vitro propagation of various [PSIϩ] strains was achieved with a protein encompassing residues 1-61 of Sup35 fused to the green fluorescent protein (34) . It is thus likely that shorter infectious Sup35 derivatives will be obtained in the near future. But to our knowledge, the HET-s-(218 -289) His-tagged peptide described herein is, to date, the shortest peptide for which prion infectivity has been demonstrated.
To gain structural information on the organization of the HET-s-(218 -289) fragment in its amyloid form we studied this fragment by means of HXMS. Deuterium incorporation was measured for 76 peptides spanning the sequence of residues 218 -289. 61 of these peptides were used to calculate deuterium incorporation for short 1-4-amino acid regions. We thus obtained exchange data for 64 of 72 residues (88% coverage). An average spatial resolution of 2.4 residues was observed, exchange data at the amino acid resolution being obtained only for a limited number of residues. Even in short segments the measured exchange level is an average, and deuterium incorporation at the individual residue level might be very heterogeneous even within short peptide stretches. Some regions (such as [218 -222] or [273-275]) are not defined by the common boundaries between identified peptides, and we therefore lack exchange information for such segments. The boundaries that were used were chosen to favor resolution over coverage. The calculation of exchange levels at high spatial resolution using shared boundaries also leads to relatively large error bars (Fig. 8) . Thus, only large differences in the calculated exchange levels are significant. However, despite these limitations our approach provides a relatively simple way to access structural information on the organization of the HET-s-(218 -289) peptide. This relatively straightforward approach is applicable to a wide range of amyloid or prion proteins and accessible to numerous laboratories, as MS facilities become more easily available.
Although we have used a relatively long exchange duration (7 h), the average exchange rate indicated by the kinetics study is 44%. This observation suggests that the HET-s-(218 -289) structure is very compact and readily explains why this domain displays a general resistance to proteolysis. The second main observation is that the deuterium incorporation level is not homogenous along the peptide sequence. Exchange ratios are above 50% in some segments or in individual peptides and can be as low as 10%. In the absence of detailed structural information, it cannot be ruled out that distinct molecular structures co-exist within an amyloid sample of HET-s-(218 -289). Still, the fact that heterogeneous deuterium incorporation levels are found along the HET-s-(218 -289) sequence suggests that if several amyloid species co-exist, they display only limited structural differences, or else that one particular structural variant largely predominates. HXMS data of amyloid aggregates region of low H/D exchange level are generally interpreted as ␤-strand structural elements, whereas accessible regions showing higher exchange levels have been proposed to correspond to regions that are not involved in stable secondary structure elements (loops, disorder segments) (11 [278 -289] , but because of the spatial resolution obtained here the exact delimitation of these elements cannot be defined. In addition, protection does not necessarily imply the existence of ␤-strand structural elements but may also be the result of the supramolecular assembly of the monomer within the fibril (7, 47) . Nevertheless, the identified protected segments now represent prime candidates for future mutational approaches.
It is clearly premature to try to draw a structural model from the present data, but several simple conclusions can be made. First, as exchange rates vary greatly along the sequence, it can be ruled out that the HET-s-(218 -289) amyloid is organized as an uninterrupted ␤-strand. If one assumes a width of 3.5 Å/residue in an extended conformation, such a simplistic model is also incompatible with the width of HET-s-(218 -289) individual fibrils measured by electron microscopy (about 5 nm). Similarly, regions characterized by a very low H/D exchange are relatively short (usually less than 10 amino acids) as segments showing higher exchange levels interrupt them. This again suggests that the potential ␤-strand segments are frequently interrupted by turns or coils. Structural models have been proposed for different prion proteins or protein fragments. In the case of PrP, cryoelectron crystallography studies combined with molecular modeling techniques have led to the proposal that PrP assemblies adopt a ␤-helical structure (40, 41) . In the proposed ␤-helical structure of PrP, ␤-strand segments are interrupted by turns or loops. A ␤-helical model has also been proposed for the yeast Sup35 prion domain on the basis of fiber diffraction studies (42, 43) . These models propose that Sup35 forms a nanotube composed of an uninterrupted ␤-helical structure. Although our data would be consistent with a ␤-helical model organization, the regular nanotube model with an uninterrupted ␤-sheet structure seems unlikely because exchange levels are not homogenous along the sequence. If the ␤-helical model is applicable, then our data suggest that ␤-sheet regions are interrupted by turns and loops (see the increased exchange in segment [233] [234] [235] [236] or [245] [246] [247] ). An alternate model based on a ␤-serpentine organization (parallel superpleated ␤-structure) has been proposed for the yeast Ure2p prion domain (44) . This model might also be relevant for the Sup35 prion domain and other amyloid proteins. Because in HET-s the protected regions are apparently not regularly spaced and are interrupted by some relatively large, more exposed regions, if the ␤-serpentine model applies to HET-s it would significantly differ from the organization proposed for Ure2p. Both the superpleated ␤-sheets and the turns (or loops) would be longer than in the Ure2p model.
In conclusion, the HXMS approach allowed us to gain some direct insights into the structural features of the HET-s-(218 -289) peptide in its infectious amyloid form. This structural information will constraint future models, orient mutational studies, and thus contribute to the identification of the structural basis of prion infectivity in this model system. The approach that we describe might also be useful in comparative studies of conformational variants such as those underlying strain differences in yeast prions (34, 45) .
